Introduction
The intermetallic superconducting phase Nb 3 Sn plays a very important role in superconducting magnets, e.g. those presently built for the High Luminosity upgrade of the Large Hadron Collider (HL-LHC) at CERN [1, 2, 3] . During the production process using powder-in-tube technology (PIT) or the restack rod process (RRP), a diffusion heat treatment is employed that finally forms the Nb 3 Sn phase with A15 type structure [4, 5] . The particular PIT technology is based upon a reaction of the core containing NbSn 2 and b-Sn powder with a Cu sheath and the surrounding tube made of a Nb(Ta) solid solution [5, 6] .
During the diffusion heat treatment several reactions take place involving numerous intermetallic phases the compositions of which are illustrated in Fig. 1 , beginning with the formation of hCu 6 Sn 5 and ε-Cu 3 Sn at the interface of the powder with the Cu sheath. At 408 C h-Cu 6 Sn 5 undergoes a peritectic decomposition into ε-Cu 3 Sn and liquid Sn [7] . A ternary phase with until now unknown crystal structure is encountered in high-Sn-content Nb 3 Sn wires upon heating above~340 C in microstructural investigations performed after the heat treatment (e.g. in Modified
Jellyroll (MJR) [5] Rod-In-Tube (RIT) [8] , PIT [9] and RRP [10] and in in-situ diffraction experiments [4, 10, 11] . In PIT wires at~575 C the ternary compound disappears followed by a reappearance of the NbSn 2 phase and a fcc Cu-based solid solution containing up to 9.5 at% of Sn (a bronze) [10] . Through the dissolution of the cooper sheath, the NbSn 2 phase reacts with the outer Nb tube forming Nb 6 Sn 5 . The desired fine-grained Nb 3 Sn is formed by solid-state diffusion of Sn into the Nb(Ta) tube, whereas large grained and poorly connected Nb 3 Sn is formed directly from Nb 6 Sn 5 [12] . The strongly different Nb 3 Sn microstructures across the Nb 3 Sn layer limits the wire overall critical current [13] .
The ternary phase, which is sometimes called Nausite [8, 13] because it was first observed by Naus [5] , is typically encountered as sub-micrometre layer at the interface between the former Cu sheath [9] of the PIT wire and at the middle as well as on the edge of the core of the RRP samples [14] . During heating experiments on wires monitored by synchrotron X-ray diffraction (XRD), the ternary phase was observed between 350 C and 580 C [15] . Several compositions of the ternary phase were reported from energy dispersive x-ray spectroscopy (EDS) measurements in a scanning electron microscope (SEM) [14, 16, 17] . However, the EDS results are likely affected by the small size (<500 nm) of the homogenous phase regions, being smaller than the interaction volume of the electron probe. Most accurate measurements are obtained by EDS measurements in a transmission electron microscope (TEM) revealing a composition of 66 at% Sn, 25 at% Nb and 8 at% Cu without that Ta was detected [9] . This observed composition implies that one quarter of the Nb atoms in the compound NbSn 2 was substituted by Cu. None of the currently known phase diagrams of Cu-Nb-Sn contains a ternary phase, but solid solutions of binary intermetallic phases with a third element can be found, e.g. up to 5 at% for Cu in NbSn 2 , Nb 6 Sn 5 or Nb 3 Sn [18] .
In the present work a structure model for the (Nb 0.75 Cu 0.25 )Sn 2 phase is derived from lattice parameters and the Bravais lattice on the basis of the analysis of electron backscattered diffraction (EBSD) Kikuchi patterns [19] and an educated guess based search in crystallographic databases. This yielded the NiMg 2 type structure (space group P6 2 22), which is also encountered in other transition metal distannides of similar valence electron concentration. The structure model was confirmed by analysis of synchrotron X-ray diffraction (XRD) data. Moreover, EBSD analysis using the derived structure revealed insight into the characteristic microstructure of the ternary phase evolving during the PIT process.
Experimental
For the present study an Nb 3 Sn PIT wire was selected because it is the wire type in which a comparatively large amount of the ternary phase is formed during processing [15] . The PIT wire produced by Shape Metal Innovation (now Bruker EAS) [6] has a nominal diameter of 1.25 mm, a Cu to non-Cu volume ratio of 1.22, and it contains 288 hexagonal filaments within a Cu matrix. The filaments with an effective diameter of 50 mm consist of a precursor powder core of NbSn 2 þ Sn inside a thin Cu sheath, which is surrounded by a Nb(7.5 wt% Ta) tube (Fig. 2) . Previous experiments [4] had shown that in this PIT wire the maximum amount of the unknown ternary phase is formed during the reaction heat treatment at 480 C. Therefore, the EBSD experiments have been performed with identical PIT wire samples that were heated with a temperature ramp of 60 K/h up to a peak temperature of 480 C, and subsequently quenched in air.
For SEM experiments the heat-treated sample was embedded, then ground and polished in transverse cross-section with a final polishing by colloidal silica (Bühler Vibromet) for 6 h. More details about the polishing procedure that enables indexing of crystallites as small as 100 nm can be found in Ref. [20] . The EBSD/EDX investigations were performed on a FEG-SEM LEO 1530 using an electron energy of 20 keV. The applied 120 mm aperture enabled a beam current of about 7.5 nA. The collected EBSD patterns were processed using HKL Channel 5 (Oxford Instr.).
High-energy synchrotron XRD experiments were conducted at the beamline ID15A of the European Synchrotron (ESRF), Grenoble. The wires were measured in transmission with an energy of 88.005 keV of the X-rays under in-situ heating. Debye-Scherrer diffraction patterns were recorded using a 2D detector (MAR345) and integrated to 2q diffraction patterns. A detailed description of the experiment and the full data are given in Ref. [4] . Multiphase Rietveld refinement on the basis of the full pattern obtained at room temperature subsequent to heat treatment with T max ¼ 480 C was conducted using the software TOPAS V5.0 [26] . The crystallographic description of the individual phases observed besides the ternary phase and the starting values for the refinement of the lattice parameters can be found in Table 1 . Only the lattice parameters, the phase fractions, and one overall value for the atomic displacement parameter of these additional phases were refined. The fractional coordinates of all atomic positions were kept unchanged, except for the refineable coordinates of the Sn atoms of the (Nb 0.75 Cu 0.25 )Sn 2 phase.
Results
The characteristic microstructure of the wire after the heat treatment up to 480 C is shown in Fig. 3 . The individual filaments embedded in the Cu matrix can be seen in Fig. 3a . A detailed view of a single filament is given in Fig. 3b . By the employed backscattering contrast, which is approximately related to the atomic number, Nb + 7. besides the dark outer Cu matrix and the Nb(Ta) hexagonal tube several characteristic areas can be identified. The former Cu sheath decomposed into a darker appearing region, which was identified as Cu 3 Sn and a brighter fringe at the interface with the Nb(Ta) tube, which represents the unknown ternary phase [14] . The core of the filament exhibits a similar brightness as the outer ternary phase, suggesting that the initial precursor particles might also be transformed to the ternary phase as well. Further, several dark grains can be identified in the core, too, which might be ascribed to fcc-Cu or, due to the presence of Sn, to fcc-Cu-Sn solid solution (a bronze). To reveal the size and the shape of the reaction layer at the former Cu sheath a detailed image in Fig. 3c is shown, highlighting the ternary phase area between the Cu 3 Sn layer and the nanocrystalline Nb(Ta) tube.
Combined EBSD/EDS measurements confirm the local phase microstructure (Fig. 4) of a vertical section of the reaction layer. The EBSD phase map (Fig. 4a) confirms the existence of Cu 3 Sn (yellow), which was formed by the reaction of the Cu sheath with the Sn of the powder core. Obviously Cu 3 Sn is produced from the liquid due to the peritectic decomposition of Cu 6 Sn 5 above 410 C. Thereby, homogeneous, uniform, coarse-grained crystallites are formed, which show nearly one single crystallographic orientation along the whole interface with the initial powder core. On the left side towards the powder core Cu 6 Sn 5 (orange) was identified, which has probably re-formed during cooling off the sample [4] . The corresponding EDS data is visualised in Fig. 4bed ), confirming the observed phase discrimination made by EBSD. The expected area of the ternary phase as well as the majority of the former powder core could not be indexed as Cu 6 Sn 5 , Cu 3 Sn, NbSn 2 , Cu or Nb, although the superimposed band contrast in Fig. 3a suggests wellpronounced EBSD Kikuchi patterns. Therefore, a single nonbinned Kikuchi pattern (1343 Â 1024 pixels) was investigated using EBSDL, a software which enables the determination of the Bravais lattice as well as the lattice parameters from a single EBSD Kikuchi pattern [19] .
For the analysis of a single EBSD Kikuchi pattern (Fig. 5a ) by using the EBSDL software, as many as possible bands are required described by their positions and widths. The solution of this overdetermined system of equations is comparatively accurate since all band positions but also band widths within a pattern are strongly correlated. As additional information the approximate projection centre position (pattern centre and source-screen distance) is needed. In order to have suitable start values for the projection centre position a Cu pattern collected close to the position of the unknown phase has been applied, cf. Fig. 5b . For the lattice-parameter determination several patterns formed by the unknown phase have been checked. The occurrence of numerous unusually narrow bands with obviously higher indexing indicated that the unknown phase exhibits large unit cell dimensions (cf. Fig. 5a ) as compared to fcc-copper (Fig. 5b) .
The patterns are evidently incompatible with cubic symmetry due to missing symmetry elements. Instead, at the bottom left corner a single three-fold or six-fold symmetry axis seems to be present, speaking for a hexagonal or rhombohedral Bravais lattice or for pseudo-symmetric lower-symmetric lattices. For an extraction of the lattice parameters clearly visible band edges are necessary. Unfortunately, this is the case for a few bands only, which makes a definition of reliable reciprocal lattice vectors challenging. Nevertheless, using EBSDL two descriptions have been discovered with either a hexagonal unit cell (a ¼ 5. 27 22 , Strukturbericht notation C a ). There is a strong evidence that this structure type is also applicable for the unknown ternary phase.
To verify the guessed crystal structure for (Nb 0.75 Cu 0.25 )Sn 2 , previously published XRD data [4] recorded at room temperature on a PIT wire previously heated to 480 C, and containing Bragg peaks attributed to the new phase were reanalysed by means of a multiphase Rietveld refinement (Fig. 6) . For the refinement an input file for a (Nb 0.75 Cu 0.25 )Sn 2 phase with NiMg 2 -structure was prepared having the lattice parameters from EBSD analysis, the fractional coordinates reported for NiCr 5 Sn 12 [30] ; and with Cu equally substituting 1/4th of the Nb atoms on the two Ni/Cr sites (see Table 2 ). Additionally, the confirmed phases (cf. Table 2 . The mass fractions of the individual phases in the wire at room temperature after T max ¼ 480 C Fig. 6 . Results of Rietveld refinement on the basis of synchrotron XRD data recorded from a PIT wire at room temperature after heat treatment up to 480 C: observed data points, calculated and difference curve (observed À calculated). A detailed visualisation of the Bragg peaks from the intermetallic compounds in logarithmic scale is displayed in the inset. Cu and Nb(Ta) peaks originate from the matrix material, whereas the intermetallic phases stem from the core and the reaction layer in between, raw data from Ref. [4] . heat treatment were determined to be 62% Cu (Cu stabiliser), 26% Nb (unreacted tubes), 6% (Nb 0.75 Cu 0.25 )Sn 2 , 3% Cu 6 Sn 5 , 2% Cu 3 Sn and 1% NbSn 2 . The fractional coordinates of the Sn atoms were refined, but did not change significantly from the starting values.
Test refinements of the occupancies of Nb and Cu did improve the fit only slightly, but no apparent change in the description of the diffraction pattern could be recognised. The test refinements, moreover, did not significantly support preferred incorporation of the Cu atoms into either of the M(1) and M(2) sites. So the initial assumption that every fourth Nb atom was randomly substituted by Cu was kept. The structure model of (Nb 0.75 Cu 0.25 )Sn 2 obtained from the Rietveld refinement was employed to reanalyse the non-indexed patterns of the EBSD measurement from Fig. 4 . In Fig. 7a a characteristic pattern that was indexed as (Nb 0.75 Cu 0.25 )Sn 2 is depicted, showing apparently no discrepancies. The area which was indexed belonging to the ternary (Nb 0.75 Cu 0.25 )Sn 2 phase is highlighted in green in Fig. 7b additionally to the phases which were already known from Fig. 4 . Consequently the ternary phase not only forms at the reaction interface with the unreacted tube but also inside the powder core. This appears rather straightforward, as the diffraction peaks of (Nb 0.75 Cu 0.25 )Sn 2 would not be visible in the diffraction pattern shown in Fig. 6 , as the volume fraction would be in the order of the Cu 3 Sn phase (also not seen in Fig. 6 ).
Discussion
H€ aussermann et al. [29] demonstrated that the crystal structure of many different binary transition metal stannide phases MSn 2 and M 1-x M' x Sn 2 can be related with the valence electron concentration (VEC) and, therefore, with the composition of the corresponding intermetallic phase. In particular the sequence of CuMg 2 (Fddd) / NiMg 2 (P6 2 22) / CuAl 2 (I4/mcm) / CoGe 2 (Aba2) type structures was encountered upon increasing the VEC [23, 29, 30] . Thereby, the three structure changes occur at 13.9, 14.7 and 17.6 electrons per formula unit (e À /f.u.). NbSn 2 exhibits a VEC of 13 and crystallises, in agreement with that sequence, in the CuMg 2 type [31] . Moreover, the above-mentioned distannides of NiMg 2 type occur in the range of 13.9e14.7 e À /f.u., except for MoSn 2 with 13.5 e À /f.u.. Since the insitu synchrotron data [4] indicate that the Bragg peaks of both NbSn 2 and Cu 6 Sn 5 are significantly reduced in intensity prior to formation of the ternary phase at around 380 C, it can be assumed that Cu partially replaces Nb in NbSn 2 . Thereby, like in other ternary M 1-x M' x Sn 2 systems, the VEC is changed and a structure change can be induced. 28. In the current study 4 at.% Ta was contained in the Nb tube in solid solution, so it may be incorporated in the new phase if formed at least partially from the tube. However, no traces of Ta were found in the TEM/EDX measurements. Moreover, the phase was found also in wires containing only Cu, Nb and Sn, without any Ta traces [11] . Hence, this phase is expected to exist as a purely ternary Cu-Nb-Sn phase. Chemical similarity of Ta and Nb implies that the former can substitute the latter in (Nb 0.75 Cu 0.25 )Sn 2 . In any case, the present results do not allow conclusion on whether (Nb 0.75 Cu 0.25 )Sn 2 is a stable or only a metastable phase of the Cu-Nb-Sn system.
A similar but apparently binary phase was reported by Vandenberg et al. [33] to form between 230 and 380 C during annealing of Nb/Sn multilayers, observed at the interface between molten Sn and solid Nb. This was supposed to be a metastable polymorph of NbSn 2 . The authors stated the crystal structure derived from Guinier film data to be a NiMg 2 -type C36 Laves phase. The C36-Laves phase structure, however, corresponds to the MgNi 2 structure (P6 3 /mmc) [32] and not to the Mg 2 Ni structure (space group P6 2 22, Strukturbericht notation C a ). In fact, the figure shown by Vandenberg et al. [33] corresponds to the Mg 2 Ni type structure and not to a Laves phase. Moreover, the lattice parameters of a ¼ 5.68 Å and c ¼ 14.64 Å closely resemble those to found here for the (Nb 0.75 Cu 0.25 )Sn 2 (see Table 2 ) and are untypical for a C36 Laves phase.
Conclusions
The crystal structure of a phase with the approximate formula (Nb 0.75 Cu 0.25 )Sn 2 occurring as intermediate phase during production of Nb 3 Sn superconductor wires has been resolved on the basis of analysis of electron backscatter diffraction (EBSD) patterns and has been confirmed by Rietveld refinement on the basis of synchrotron powder-diffraction data. This phase is of the hexagonal NiMg 2 type structure with lattice parameters of a ¼ 5.645(1) Å and c ¼ 14.124(5) Å. Following points can be concluded.
(1) As the phase was prepared from Nb-4at.%Ta alloy tube containing a mixture of binary NbSn 2 and Sn powders as well as a Cu sheath, a small amount of Ta in that phase is not unlikely. A comparison with the literature and the chemical similarity between Nb and Ta suggests that this is a reasonable assumption. At the same time it is most likely that the phase can also exist in the absence of Ta. We cannot determine at this stage, however, whether this phase is a stable or a metastable phase in the ternary Cu-Nb-Sn or quaternary Cu-Nb-Ta-Sn systems. (2) The occurrence of the observed crystal structure type is compatible with a change of the valence electron concentration from 13 for NbSn 2 up to 14.5 e À /f.u. for (Nb 0.75 Cu 0.25 ) Sn 2 , provoking a structural transformation from CuMg 2 type to NiMg 2 type. (3) The phase evolution during Nb 3 Sn wire processing influences the microstructure in the fully processed wire, and strong performance improvements of Nb 3 Sn PIT wires are expected when a more homogeneous microstructure can be achieved [13] . Knowledge of the crystal structure of (Nb 0.75 Cu 0.25 )Sn 2 , which was unknown until now, is an important step towards a better understanding of the Cu-Nb- Sn system. Nevertheless, experimental studies on the homogeneity range, multiphase equilibria and thermodynamic properties are necessary for predicting phase evolution and microstructure development during Nb 3 Sn wire processing, and for optimising the wire architecture.
